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a b s t r a c t
Auxetic materials are gaining special interest in technical sectors due to their attractive mechanical beha-
viour. This paper reports a systematic investigation on missing rib design based auxetic structures pro-
duced from braided composites for civil engineering applications. The inﬂuence of various structural
and material parameters on auxetic and mechanical properties was thoroughly investigated. The basic
structures were also modiﬁed with straight longitudinal rods to enhance their strengthening potential
in structural elements. Additionally, a new analytical model was proposed to predict Poisson’s ratio
through a semi empirical approach. Auxetic and tensile behaviours were also predicted using ﬁnite ele-
ment analysis. The auxetic and tensile behaviours were observed to be more strongly dependent on their
structural parameters than the material parameters. The developed analytical models could well predict
the auxetic behaviour of these structures except at very low or high strains. Good agreement was also
observed between the experimental results and numerical analysis.
 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Poisson’s ratio is deﬁned as the lateral strain to the longitudinal
strain for a materials undergoing tension in the longitudinal direc-
tion. In common, all materials possess positive Poisson’s ratio, i.e.
the materials shrink laterally under tensile loading, and expand
transversely when compressed. However, in auxetic materials the
phenomena is just reverse, i.e. when material stretched it expands
transversely and contracts during compression that is, they exhibit
negative Poisson’s ratio (NPR) [1–9]. Negative Poisson’s ratios are
theoretically accepted. For an isotropic material, the range of Pois-
son’s ratio is from 1.0 to 0.5, based on thermodynamic consider-
ation of strain energy in the theory of elasticity. However, for
anisotropic materials, these range is higher and limits do not apply
[2,6,10].
Auxetic materials gains speciﬁc interest due to their unusual
behaviour which results improved mechanical properties, such as
improved fracture toughness, higher indentation resistance, high
energy absorption, sound absorption properties, improved shear
modulus, hardness, synclastic curvature (dome shape on out-of-
plane ﬂexure) in sheets and panels, high volume change, high
impact resistance, etc. [2,6–9,11–13].
Diverse range of auxetic materials includes, naturally occurred
pyrolytic graphite, cancellous bone, rock with micro-cracks, aux-
etic three dimensional foams, auxetic bio-materials, auxetic two-
dimensional honeycomb, auxetic composites (ﬁbre reinforced
plastics or FRPs) auxetic microporous polymers, etc. [2,6,9–
11,14]. Auxetic textile materials are widely used as ﬁlter, sports
clothing, biomedical application, defense industries, etc. Also, aux-
etic composites can ﬁnd potential applications in aerospace and
automotive industry as well as in materials for protection, where
non-auxetic composites with high speciﬁc strength and stiffness
are currently used [2,6,8,10–12,15].
Besides composites, the auxetic property can also be attained
with deﬁnite structural designs. In the last few decades, divergent
geometric structures and models exhibiting auxetic behaviour
have been proposed, studied and tested for their mechanical prop-
erties. The main auxetic structures reported are two dimensional
(2D) and three dimensional (3D) re-entrant structures, rotating
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rigid/semi-rigid units, chiral and cross chiral structures, hard mole-
cules, liquid crystalline polymers and microporous polymers
[6,7,11,14,16–20,21].
Fibre reinforced polymer composites have been applied widely
in civil structural applications due to their enhanced properties as
compared to conventional materials (concrete and steel) or cera-
mic based composites. These properties include high tenacity,
low density, higher stiffness and strength, and easy handling. Com-
posites are introduced into structural elements to improve their
ﬂexural resistance, shear strength, conﬁnement, bending property,
etc. [22–27]. Recently developed braided composite rods (BCRs)
are a special class of FRPs, which have been used in structural
applications due to their several advantages over the other types
of FRPs such as simple and economical manufacturing process, tai-
lorable mechanical properties and good bonding behaviour with
cementitious matrices [28–33]. Currently, research is being carried
out to employ composite materials in structural elements to
improve their resistance against earthquake, blast or impact loads
caused by explosions [34–37]. Capacity to absorb energy is one of
the principal requirements for these applications and, in this sense,
auxetic composites and structures may prove to be excellent
materials.
In our previous research study, auxetic structures were devel-
oped from braided composite rods based on missing rib or
lozenge grid or cross-chiral (Fig. 1a) design and their auxetic
and tensile behaviours were studied, mainly focusing on the
inﬂuence of structural angle [2]. Similar to other studies
[17,18], this initial study also showed that the structures based
on the cross-chiral conﬁguration exhibited negative Poisson’s
ratio. However, a recently performed analytical study revealed
that the Poisson’s ratio in the cross-chiral structures should be
zero [20]. The equivalent negative Poisson’s ratio which was
observed in the experimental studies was the result of uniaxial
shear coupling existing in these structures [20]. In contrast to
our previous work [2], which only considered the inﬂuence of
structural angle on auxetic and tensile behaviours, the inﬂuence
of all important structural and material parameters has been con-
sidered in the present work. Moreover, the previous work consid-
ered the existing analytical model (based on the hinging
mechanism, according to Refs. [17,18]) to predict the auxetic
behaviour of developed structures leading to no correlation
between the experimental and analytical results. To overcome
this, in the present work a new analytical model (based on the
hinging mechanism, but with additional parameters) has been
proposed both for the basic and modiﬁed structures. Numerical
modelling based on ﬁnite element (FE) method has also been
performed to predict auxetic and tensile behaviours. Also, in
the present case, the rib length of the structures has been
decreased to increase their closeness and consequently, their
strengthening capability for civil engineering applications.
Fig. 1. Auxetic structural design used in the present study showing the structural angles (r1 – longitudinal rod rib length and r2 – transversional rod rib length). (a) Schematic
of structure-1, (b) real structure-1, (c) portion of structure in close-up, (d) schematic of structure-2 and (e and f) structure-2 and structure-3.
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These structures were subjected to tensile loading in a Univer-
sal Testing Machine and auxetic behaviour (Poisson’s ratio) was
characterized by means of simple image analysis technique (using
ImageJ software). The inﬂuence of different structural parameters
(angle u, BCR diameter and addition of straight rods) and material
parameters (type of ﬁbres and linear density) on Poisson’s ratio
and tensile properties was thoroughly investigated.
2. Materials and methods
2.1. Materials
For the production of braided composite rods, glass ﬁbre roving
with linear density of 1200 tex and 4800 tex was purchased from
Owens Corning, France. Also, basalt ﬁbre roving with 4800 tex
and carbon ﬁbre roving with linear density of 1600 tex were pur-
chased from Basaltex, Belgium and Toho Tenax, Germany, respec-
tively and used to produce braided composites. The epoxy resin
used to in this work was supplied by Sika, Germany, in two parts:
Biresin CR83 Resin and Biresin CH-83-2 Hardner. The resin and
hardener components were mixed in a weight ratio of 100:30 prior
to use. The important properties of ﬁbre and resin are given in
Table 1.
2.2. Fabrication of braided composite rods and auxetic structures
Textile ﬁbres reinforced braided structures were produced in a
vertical braiding machine using polyester multi-ﬁlament yarns
(with linear density of 110 tex) in the sheath and glass, basalt,
and carbon multiﬁlament rovings as the core material.
During the braiding process, sixteen polyester ﬁlament bobbins
were used to supply the sheath yarns, which were braided around
the core ﬁbres to produce the braided structures [30–32]. Produced
braided structures were then used to develop three types of aux-
etic structures, as shown in Fig. 1. First, structure-1 (Fig. 1b) was
developed based on the missing rib or lozenge grid or cross-
chiral auxetic structural design (Fig. 1a). Second, the basic design
was modiﬁed with longitudinal straight rod to improve the tensile
behaviour termed structure-2. Third, structure-2 was further mod-
iﬁed to enhance the strengthening behaviour using undulation lon-
gitudinal rods with higher angle of inclinations, resulting in
structure-3. In each type, four samples were produced with the
total gauge length and width as 40 cm and 15 cm, respectively,
with extra length for clamping during tensile testing. The following
are the steps used to develop auxetic structures mentioned above:
(1) the auxetic structural design (Fig. 1a and d) was drawn on a
white chart paper; (2) the chart paper was placed on a board and
the braided structures were placed over the drawn design ﬁrmly
with help of adhesive tape; (3) the cross-over points were tied
by polyester ﬁlaments and epoxy resin was applied over the struc-
tures using a brush; (4) after curing, the structures were removed
from the board. The braided structures after resin application and
curing became circular composites termed as braided composite
rods (BCR). The weight percentage of core ﬁbres in each of these
rods was around 51% ± 2%. Resin use was essential to provide ade-
quate mechanical strength to the braided composites in order to
handle them easily and turn them in to rigid auxetic structures.
In addition, the braided structures exhibit appropriate mechanical
property necessary for the directed use only after the resin applica-
tion and formation of BCR, as the matrix embraces the different
constituents (sheath and core ﬁbres) of braided structure together,
facilitating them to act as a single structure. In absence of resin,
there may be slippage between the sheath and core as well as
between the core ﬁbres resulting in poor mechanical
characteristics.
2.3. Parameters of developed auxetic structures
In order to study the inﬂuence of different parameters, auxetic
structures were produced using different types of core ﬁbres hav-
ing different linear densities (2400 tex, 4800 tex, and 6000 tex
glass ﬁbre; 4800 tex basalt ﬁbre and 4800 tex carbon ﬁbre). Also,
structures angle u (66, 72 and 78) was varied and its effect on
auxetic and tensile behaviour was studied. Moreover, modiﬁcation
of basic structure through addition of straight longitudinal rod and
further change in structural angle resulted in different structural
parameters, which are listed in Table 2, along with material param-
eters. The developed structures are presented in Fig. 1.
2.4. Evaluation of auxetic and tensile behaviours of the structures
The measurement of Poisson’s ratio and tensile properties of the
auxetic structures was carried out in a Universal Tensile Testing
Machine. The cross-head speed of tensile testing machine was kept
at 25 mm/min. White marks were painted on the structures at top
(1/4), middle (1/2) and bottom (3/4) of the structures [18]. During
tensile testing, the video of sample deformation with load was cap-
tured using Canon EOS 650D and later, the video was converted
into images at speciﬁc intervals (per second) using image analysis
software (ImageJ). The distance between the marks in the struc-
tures, both in longitudinal and transverse directions, was mea-
sured in pixels using ImageJ software. The longitudinal and
transverse strains were then calculated by using the following for-
mulae [18]:
x ¼ xn  x0x0 ð1Þ
y ¼ yn  y0y0
ð2Þ
where xn and yn are the distance between the points marked on the
structure at nth of loading, x0 and y0 are the original distance
between the marks at zero loading. The average transverse strain
was calculated by averaging the transverse strain calculated at
top, middle and bottom points (1–3, 4–5, and 6–8). Similarly, the
average longitudinal strain was calculated from longitudinal strains
Table 1
Physical properties of core ﬁbres and resin.
S. no. Properties Basalt Glass Carbon Epoxy
1 Density (g/cm3) 2.63 2.62 1.77 1.15
2 Filament diameter (lm) 17 – 13 –
3 Tensile strength (MPa) >4000 3100–3800 4400 122
4 Tensile modulus (GPa) 87 80–81 240 3.3
5 Elongation (%) – – 1.8 6.7
Table 2
Parameters of developed auxetic structures.
Structure Core ﬁbre
type
Core ﬁbre,
tex
Angle u,  Rib length, cm
S-1 Glass 2400 66 r1 – 2.70 & r2 – 2.35
S-1 Glass 4800 66 r1 – 2.70 & r2 – 2.35
S-1 Glass 6000 66 r1 – 2.70 & r2 – 2.35
S-1 Glass 9600 66 r1 – 2.70 & r2 – 2.35
S-1 Glass 4800 72 r1 – 2.60 & r2 – 2.35
S-1 Glass 4800 78 r1 – 2.50 & r2 – 2.35
S-1 Basalt 4800 66 r1 – 2.70 & r2 – 2.35
S-1 Carbon 4800 66 r1 – 2.70 & r2 – 2.35
S-2a Glass 4800 66 r1 – 2.70 & r2 – 2.35
S-3a Glass 4800 78 r1 – 2.50 & r2 – 2.35
a S-2 and S-3 consists both undulation and straight longitudinal rods.
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measured from left and right points of the structures (1–6, 2–7, and
3–8). The measurement principle has been illustrated in Fig. 2.
Later, the Poisson’s ratio was calculated from the average strains
by [18],
mxy ¼  hxihyi ð3Þ
3. Results and discussion
3.1. Auxetic behaviour of the structures
The developed structures based on missing rib or lozenge grid
design show negative Poisson’s ratio. While tensile load is applied
to the structure longitudinally, the angle of longitudinal rods grad-
ually increases, resulting in straightening of these rods until angle
u reaches 90. Straightening of the longitudinal rods leads to open-
ing of the undulated transverse rods through connecting point, i.e.
the angle a increases, resulting in transverse expansion of the
structures. To explain this point, the change of unit cell at different
stages of tensile loading is shown in Fig. 3.
3.2. Effect of core ﬁbre on auxetic behaviour
To study the effect of core ﬁbre type, auxetic structures were
developed from braided composite rods consisting of glass, basalt,
and carbon core ﬁbres with same linear density, 4800 tex. As pre-
sented in Fig. 4a and given in Table 3, the core ﬁbre type displays
inﬂuence on auxetic behaviour and the trend of Poisson’s ratio
change with longitudinal strain is the same for all the ﬁbres. The
value of Poisson’s ratio ﬁrst stays same with certain strain level
and decreases with increase of longitudinal strain.
The Poisson’s ratio values remain constant until around 5.5%
longitudinal strain and then start to decrease with additional
increase of strain until failure of the structures. The straightening
of longitudinal rods stop at this strain level (5.5%), i.e. they
become fully straight and no further transverse expansion is possi-
ble. Further axial strain after this point, therefore, results in reduc-
tion of Poisson’s ratio.
The maximum negative Poisson’s ratio value is observed for
glass ﬁbre structure, followed by basalt and carbon ﬁbre structures.
Maximum Poisson’s ratio obtained with glass ﬁbre was 18% and
23% higher as compared to basalt and carbon ﬁbre based
structures, respectively. The stiffness of the core ﬁbre strongly
inﬂuences the auxetic behaviour of the structures. The structures
developed from high stiffness ﬁbre (carbon) experience lower
deformation, i.e. lower expansion of transverse rods under
tensile load resulting in lower Poisson’s ratio value. Hence,
the developed auxetic structures show Poisson’s ratio in the
following order, which is just the opposite of the stiffness of core
ﬁbres: Poisson’s ratioglass structure > Poisson’s ratiobasalt structure >
Poisson’s ratiocarbon structure.
3.3. Effect of linear density of braided composite rods on auxetic
behaviour
The effect of linear density of core ﬁbres (i.e. BCR diameter) on
auxetic behaviour of developed structures can be seen from Table 4
and Fig. 4b. It is obvious from Table 4 that the diameter of BCRs
increases with the increase in linear density of core ﬁbre. The
change in the BCR diameter causes change in the auxetic behaviour
of the structures. An increase in the BCR diameter reduces the aux-
etic behaviour (4800–6000 tex). This is due to the fact that higher
diameter (i.e. high linear density core) longitudinal and transverse
elements present more resistance towards deformation, resulting
in lower transverse expansion and Poisson’s ratio. However, the
structures produced using glass ﬁbre with linear density of
2400 tex, exhibit lower Poisson’s ratio as compared to 4800 tex
glass ﬁbre. This is attributed to the fact that too low linear density
of core ﬁbres, i.e. BCR diameter results in highly ﬂexible structures,
which are not capable of transmitting the longitudinal strains to
the transverse direction, resulting in lower Poisson’s ratio. There-
fore, there exists an optimum value for the core linear density or
BCR diameter, below or above which Poisson’s ratio decreases.
3.4. Effect of structural angle u on auxetic behaviour
Table 5 and Fig. 4c show the effect of initial structural angle, u.
It can be observed that an increase in u increases the Poisson’s
ratio value. Higher angle of the longitudinal inclined rods results
in improved tensile load bearing capability and this, in turn, leads
to higher deformation in transverse direction and higher Poisson’s
ratio. Maximum Poisson’s ratio obtained with initial structural
angle 66 was 41% and 73% lower as compared to 72 and
78, respectively.
3.5. Inﬂuence of structural modiﬁcation on auxetic behaviour
The basic auxetic structure, i.e. missing rib or lozenge grid or
cross-chiral design has been modiﬁed with longitudinal straight
rods to enhance their strengthening behaviour (especially at lower
strain level), so that auxetic structures will be suitable for strength-
ening of structural elements. The auxetic behaviour of the modiﬁed
structures is shown in Fig. 5. Even though the modiﬁed structure
consists of straight longitudinal rod, it exhibits negative Poisson’s
ratio, but the Poisson’s ratio value is considerably lower as com-
pared to the basic structure (structure-1). The straight longitudinal
rods restrict the structural deformation and transverse expansion
of the structure leading to lower Poisson’s ratio. Poisson’s ratio
remains high at very low strain and then drops, and again starts
to increase until 3% strain value, after which Poisson’s ratio
remains constant until 6% strain and decreases again sharply
until the failure of the structures. This type of trend is due to the
complex structural deformation due to the presence of the straight
rods which break at around 3% axial strain value (see Fig. 5).
Fig. 2. (a) Auxetic structure with painted marks, and (b) schematic points for strain
calculation. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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The initial structural angle u of the longitudinal rod of
structure-2 is 66. This angle is increased to 78 in structure-3 to
enhance their strengthening capability. The auxetic behaviour of
this structure is shown in Fig. 5. Poisson’s ratio of structure-3 is sig-
niﬁcantly higher as compared to structure-2 and decreases with
increase in longitudinal strain. The higher Poisson’s ratio is due
to the higher initial angle of longitudinal inclined rods.
3.6. Tensile properties of auxetic structures
The tensile properties of auxetic structures-1, (produced by
varying type of ﬁbre, linear density, and varying angle u)
structure-2 and 3 are provided in Table 6. The tensile load is the
highest for carbon, followed by basalt and glass. Higher tensile load
obtained in case of carbon ﬁbre based structures is due to higher
stiffness of carbon ﬁbres. Similarly, basalt ﬁbres have higher tensile
properties as compared to glass ﬁbres resulting in higher tensile
load in basalt based structures. The typical tensile behaviour of
the developed auxetic structures is shown in Fig. 6.
Table 6 also shows that the increase in linear density of core
ﬁbre increases the tensile load and decreases elongation (%) value.
This is due to the fact that the increase in linear density (6000 tex)
increases the no. of ﬁlaments in BCR cross section and improves
the load bearing capacity of the structures. It can also be noted
from Table 6 that increase in initial structural angle (u) increases
the tensile load of the structures. With higher initial angle u
(78), the longitudinal inclined rods become straight quickly and
starts bearing higher load as compared to the inclined rods with
lower initial angle u (66).
3.7. Failure mode of auxetic structures
The failure modes of the developed auxetic structures are
shown in Fig. 7. The weakest points in these auxetic structures
are the linking points or ribs bases. Therefore, during loading,
stress concentration occurred in these points leading to failure of
the structures (shown by arrows in Fig. 7a). In the modiﬁed struc-
tures with straight rods (structure-2, and 3), in the initial period,
load was mainly taken by the straight rods. So, in this period they
are subjected much higher stresses as compared to the bent rods
(shown by arrows in Fig. 7b). So, failure ﬁrst occurred in the
straight rods and after the breakage of the straight rods, load was
fully transferred to the bent elements resulting in their straighten-
ing, stretching and ﬁnally failure at the weak points (shown by
arrow in Fig. 7c).
The fracture surface of the braided rods is presented in Fig. 8. It
shows the broken glass ﬁbres in the core region surrounded by the
outer polyester ﬁbres. At high magniﬁcation it is evident that both
polyester and glass ﬁbres were impregnated by the resin. The brit-
tle fracture of glass ﬁbres and the ductile failure of polyester cover
ﬁbres can also be clearly noticed from the fracture surface.
3.8. Work of rupture of the developed auxetic structures
Work of rupture (WOR) or energy required to break the struc-
tures has been calculated using load-elongation curve of the struc-
tures. Work of rupture (J) calculated for the developed auxetic
structures are given in Table 6. As expected, the work of rupture
of structure-1 increases with the increase in the linear density of
glass ﬁbre and structural angle u. The work of rupture of the struc-
tures developed from different core ﬁbres lies in the following
order: WORglass < WORbasalt < WORcarbon, which is the same as the
tensile load bearing capacity of the structures. Work of rupture
for different structures developed from glass ﬁbre lies in the order:
WORstructure-1 < WORstructure-2 < WORstructure-3, which also follows
the same order as the tensile performance of the structures. As
structure-3 exhibits higher work of rupture and better tensile
property than other structures as well as moderate auxetic beha-
viour, it can be proposed for the structural applications.
4. Analytical model
4.1. Analytical model for structure-1
The analytical model which was used in our previous work [2]
showed large difference between the experimental and analytical
results and the previous model has been revised in the present
work considering the real deformational modes of the structures.
In the previous analytical model, angles f and u were considered
to be related with each other and both with respect to the vertical
undulation rods. In other words, it was assumed that the longitu-
dinal and transverse strains are dependent on the stiffness of f
Fig. 3. Unit cell of structure-1. (a) Schematic diagram of force acting and displacement of unit cell, and (b) displacement of unit cell (real structure-1) at different stages of
loading.
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and u, hinges, respectively. Meanwhile the deformation (and thus
stiffness) of f, is related to u. However, from the deformation of the
structure during testing (Fig. 3), it seems that although a hinging
mechanism formula can be suitable for the structure, the opening
Fig. 4. Auxetic behaviour of developed structures. (a) Effect of core ﬁbre type, (b)
effect of core ﬁbre linear density, and (c) effect of structure’s initial angle (u).
Table 3
Poisson’s ratio of the auxetic structures developed from various core ﬁbres.
Core
ﬁbre
(tex)
Type
of ﬁbre
Average
diameter of
BCR (mm)
Average max.
Poisson’s
ratio
Percentage of change in
Poisson’s ratio w.r.t
glass
4800 Glass 2.4 (2.1) 2.2 (4.0) –
4800 Basalt 2.4 (3.4) 1.8 (8.3) # 18.2
4800 Carbon 2.1 (4.0) 1.7 (14.3) # 22.7
Table 4
Poisson’s ratio of auxetic structures produced from glass ﬁbres with different linear
densities.
Glass
ﬁbre
(tex)
Average
diameter
(mm)
Average max.
Poisson’s ratio
Percentage of change in
Poisson’s ratio w.r.t 2400 tex
2400 2.1 (3.9) 2.1 (3.7) –
4800 2.4 (2.1) 2.2 (4.0) " 4.8
6000 2.7 (2.4) 1.9 (6.7) # 9.5
Note: the values in the bracket are CV%.
Table 5
Auxetic behaviour of structures having different initial angle u.
Glass
ﬁbre
(tex)
Initial
angle u
()
Average max.
Poisson’s ratio
CV
%
Percentage of change in
Poisson’s ratio w.r.t 66
4800 66 2.2 4.0 –
4800 72 3.1 2.5 " 40.9
4800 78 3.8 1.2 " 72.7
Fig. 5. Auxetic behaviour of structure-2 and structure-3 produced from glass ﬁbre
reinforced BCRs.
Table 6
Tensile properties of developed auxetic structures.
Structure Fibre
type
Tex Angle
u ()
Avg. max.
tensile
load (kN)
Avg.
elongation at
max. tensile
load (%)
Avg.
work of
rupture
(J)
S-1 Glass 2400 66 4.2 (10.6) 10.0 (4.1) 35.2
(12.0)
S-1 Glass 4800 66 4.9 (15.2) 9.3 (6.3) 38.2
(2.7)
S-1 Glass 6000 66 5.9 (10.5) 9.1 (2.2) 49.2
(5.0)
S-1 Glass 4800 72 5.1 (12.7) 7.2 (6.5) 42.9
(6.0)
S-1 Glass 4800 78 6.9 (10.1) 4.3 (9.7) 47.8
(8.7)
S-1 Basalt 4800 66 6.1 (14.7) 9.5 (1.9) 45.7
(14.5)
S-1 Carbon 4800 66 7.3 (15.5) 8.7 (5.6) 71.3
(12.4)
S-2 Glass 4800 66 3.4 (11.2) 8.9 (5.0) 43.7
(10.5)
S-3 Glass 4800 78 5.5 (8.3) 3.0 (7.9) 48.8
(6.1)
Note: values in the bracket are CV%
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of horizontal undulation rods (stiffness of angle a, Fig. 1a) governs
that structure’s transverse expansion and thus the equations
should be modiﬁed based on this mechanism. In this case, the lon-
gitudinal strain (y), the transverse strain (x) can be expressed as
follows:
x ¼ sinansina0  1
 
; ð4Þ
y ¼ sinunsinu0
 1
 
; ð5Þ
mxy ¼  xy ð6Þ
Fig. 9 shows that the angle a can be presented as a function of angle
u based on the obtained experimental results as:
a ¼ 0:948 u 6:82 ð7Þ
Using Eq. (7), the angle a is calculated with respect to varying angle
u periodically from the initial angle (u-66). By using angle a and u
the transverse strain and longitudinal strain were calculated (using
Eqs. (4) and (5)) and the Poisson’s ratio was obtained using Eq. (6).
Fig. 10 shows Poisson’s ratio of structure-1 calculated from revised
analytical model and compared with experimental results. The
results show that the Poisson’s ratio calculated from the revised
analytical model is well ﬁtted with experimental results. However,
it is observed that after around 6% longitudinal strain the analytical
Poisson’s ratio increases in contrary to the experimental results.
This is due to the fact that after a certain opening of hinges (or lon-
gitudinal strain), the stretching mechanism becomes the governing
behaviour and the hinging mechanism cannot produce accurate
predictions. Activation of the stretching mechanism leads to reduc-
tion of Poisson’s ratio as it can be observed in the experimental
results. As the developed analytical model does not consider this
phenomenon, the predicted results diverge from the experimental
observations after 6% longitudinal strain.
4.2. Analytical model for structure-2 and 3
The experimental results show hinging mechanism is still suit-
able for simulating the deformation of the modiﬁed design of miss-
ing rib or lozenge grid or cross-chiral (structures-2 and 3). Eq. (5)
can be used to calculate longitudinal strain as a function of angle
u. However, Eq. (4) needs to be revised as the unit cell is different
in these structures.
Here, structure’s width is selected as the unit cell as shown in
Fig. 11. Therefore, the transverse deformation of the structures
become dependent on the angles a and b. However, analysis of
the experimental results showed the transverse deformation
mainly occurs due to the changes of angle a as angle b does not sig-
niﬁcantly change during tests due to the effect of vertical straight
rod. Fig. 12, presenting the relation between angle u vs angle a and
angle b, clearly presents this observation. (All the angles u, a, and b
are measured from the images taken during tensile loading.)
Assuming that the transverse deformation is only dependent on
angle a, the change of transverse length can be written as
Dl = 4r2 sin an2
  sin a02  . The transverse strain can thus be
obtained as follows:
eT ¼ Dll ¼
4r2 sin an2
  sin a02  
l
ð8Þ
Fig. 6. Tensile behaviour of developed auxetic structures.
Fig. 7. Failure mode of developed auxetic structures. (a) Breakage of bent rods in structure-1, (b) breakage of straight rods in structure-2 and 3 and (c) breakage of bent rods
in structure-2 and 3.
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Fig. 12 shows that the angle a can be presented as a function of
angle u based on the obtained experimental results:
a ¼ 0:9622 u 7:5212 ð9Þ
Using Eq. (9), the angle a is calculated with respect to varying angle
u periodically from the initial angle (u  66). By using angle a and
u the transverse strain and longitudinal strain were calculated from
Eqs. (5) and (8) and the Poisson’s ratio was obtained using Eq. (6).
The analytical Poisson’s ratio of structure-2 is compared with its
experimental results in Fig. 13. The results show the analytical
Poisson’s ratio is similar to experimental ones until a longitudinal
strain of about 4.5%. There is a slight difference in the Poisson’s
ratio at higher longitudinal strains, as the previous structure,
which may be due to the assumptions considered in the analytical
model, i.e. the structures deforms freely in the transverse direction
which does not occur in this case as well due to the clamping
system.
5. Finite element modelling
5.1. Modelling strategy
A two dimensional model is produced in FE code DIANA to sim-
ulate the tensile response of the developed auxetic structures.
According to the experimental results, the braided composites
used for preparation of the specimens have a linear elastic beha-
viour until failure. The observed nonlinear force–displacement
response and auxetic behaviour of the structures are due to the
large structural deformation at the ribs’ bases and geometric non-
linearity of the system.
The FE model is produced based on the geometry of the tested
structures. A simple modelling strategy is adopted using linear
three-node beam elements (labeled as L7BEN in DIANA) to
Fig. 8. (a) Fracture surface of braided rods showing overall fracture morphology, (b) axial glass ﬁbre bundles and (c) outer polyester ﬁbres.
Fig. 9. Relationship between angle u and angle a.
Fig. 10. Poisson’s ratio of structure-1: analytical vs. experimental.
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represent the ribs and linear rotational spring elements (labeled as
SP2RO in DIANA) for simulating the ribs rotational stiffness at the
curvature points, see Fig. 14. The beams have a circular cross sec-
tion with diameter of D = 2.39 mm according to the experimental
measurements. The intersection of the vertical and the horizontal
joints are modelled with continuous elements without introducing
any extra degree of freedom. The constraints and loading condi-
tions are applied to the model as the experimental tests were per-
formed, i.e. the displacements of the structure at both ends are
constrained in both x and y directions. An incremental monotonic
displacement load is applied to one side of the model for simulat-
ing the tensile test conditions.
A linear elastic with brittle failure material model and a linear
elastic rotational spring are used for the ribs and the springs,
respectively. The elastic modulus, E, of rods was taken 14.2 GPa
according to the experimental results. Due to the lack of sufﬁcient
information, the properties of rotational springs are obtained by
performing a parametric analysis as explained in Section 5.2.
A geometric nonlinear analysis with total Lagrange formulation
is performed to simulate the large deformation and auxetic beha-
viour of the structures. The total Lagrange formulation is useful
when rotations and displacements are large and strains are small
as is the case of the structures under study.
As explained before, the force–displacement response of origi-
nal auxetic structures (e.g. structure-1) consisted of two main
phases. In the initial phase, the response was governed by large
deformation and low load resistance. After a certain deformation
level, in the second phase, the structure resisted higher loads with
lower deformation capacity. Different solution strategies deemed
necessary for numerically simulating of the structural response
in each phase. A modiﬁed Newton–Raphson iterative scheme
together with the line search method and displacement conver-
gence criteria are used for solving the nonlinear equations in the
initial phase of structural behaviour. The analysis is then contin-
Fig. 11. Unit cell of structure-2. (a) Schematic diagram of force acting and displacement of unit cell, and (b) displacement of unit cell (real structure-2) at different stages of
loading. (a and b – angles formed at the bending of horizontal undulation rod nearer to the vertical undulation rods and nearer to the vertical straight rod, respectively.)
Fig. 12. Relation between angle u vs angle a and b.
Fig. 13. Poisson’s ratio of structure-2: analytical vs. experimental.
94 R. Magalhaes et al. / Composites: Part A 87 (2016) 86–97
ued, in the second phase, with a quasi-Newton iterative method
and force (or energy) convergence criteria. On the other hand,
the behaviour of modiﬁed structures (e.g. Structure-2) generally
consisted of three phases initiating with a linear elastic behaviour
until the failure of the straight rods. Then, the load dropped signif-
icantly by entering the second phase which was similar to the ﬁrst
phase behaviour of original structures (large deformation and low
load resistance) followed by the third phase (small deformation
and high load resistance). A similar solution strategy as the original
structures was adopted for each phase of the analysis to ease the
convergence of the numerical problem.
5.2. Springs’ properties validation
A numerical back analysis was performed for estimating the
rotational stiffness of the springs. For this reason, tensile tests were
performed on two type of specimens each consisting of ﬁve
straight rods and four curvature points, see Fig. 15a. The specimens
were prepared with different connection angles of 19 and 29
(three specimens for each angle).
The numerical analysis was then performed to simulate the
experimental tensile behaviour of each specimen type following
the same modelling strategy as explained in Section 5.1. Having
the elastic modulus of the rods, a parametric study was performed
on the stiffness of the rotational springs for obtaining the best sim-
ulation of experimental results. It was observed that a rotational
stiffness of k = 1000 N mm/rad leads to an acceptable prediction
of the experimental behaviour in both specimen types, see
Fig. 15b. This rotational stiffness is thus used in further
simulations.
5.3. FE modelling results
The same modelling strategy and material models presented in
Section 5.1 are used for simulating the observed experimental
behaviour of developed auxetic structures presented in Fig. 1(a &
d). The main focus is on prediction of the force–displacement beha-
viour and the changes of the Poisson’s ratio during the tests. The
numerical results are presented in Fig. 16a–d in comparison to
the experimental observations. It can be seen that the numerical
predictions are in good agreement with experimental results in
both prediction of the load–displacement response and Poisson’s
ratio. The changes of the Poisson’s ratio have some differences with
the experimental results and this difference is in acceptable range
and can be attributed to the imperfections of the handmade spec-
imens and simpliﬁed assumptions of the numerical model. In gen-
eral, the developed numerical model, although being simple,
suitably predicted the global response and local deformation of dif-
ferent auxetic structures, being the evidence of applicability of this
modelling strategy for predictive purposes or simulating the beha-
viour of auxetic structures at the structural level.
6. Summary and conclusions
In this research, auxetic structures were developed from glass,
basalt and carbon ﬁbre reinforced braided rods, and their auxetic
and tensile behaviours were studied. A simple image analysis tech-
nique was used to measure the strain components of the structures
due to tensile loading, and accordingly, Poisson’s ratio was calcu-
lated. All structures exhibited negative Poisson’s ratio and Pois-
son’s ratio was strongly dependent on the initial value of
structural angle (u). Poisson’s ratio was found to increase with
the increase in the initial angle u. Also, Poisson’s ratio of the struc-
tures varied signiﬁcantly with the change in the core ﬁbres such as
carbon, basalt and glass as well as with the braided rod diameter
(which depends on the linear density of core ﬁbres). The structure
consisting of high stiffness ﬁbre exhibited lower Poisson’s ratio as
compared to those with lower stiffness ﬁbres. Moreover, the struc-
tures with lower braided rod diameter showed higher Poisson’s
ratio except rods with too low linear density core ﬁbres
(2400 tex). The modiﬁed auxetic structures (structure-2 and 3)
exhibited lower Poisson’s ratio than the basic structures due to
the restriction in structural movement by the straight elements.
The work of rupture and tensile behaviour of the structures
were also observed to depend signiﬁcantly on the structure angle,
braided rod diameter and type of ﬁbre. Higher work of rupture and
Fig. 14. FE modelling strategy. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 15. (a) Validation of the mechanical properties for rotational springs and (b)
comparison of experimental and numerical results for single rod tests. (For
interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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tensile behaviour were observed for the structures with higher
angle, higher rod diameter and high stiffness ﬁbre (e.g. carbon
ﬁbre). The work of rupture and tensile behaviour were also
enhanced by modifying the structures with straight longitudinal
rods (structure-2 and structure-3).
The new analytical model proposed in this research could well
predict Poisson’s ratio of the basic as well as modiﬁed structures,
except at very low and high strain levels. Also, the auxetic and ten-
sile behaviour of the developed structures could be well predicted
using FE based numerical modelling. It can concluded that the
modiﬁed auxetic structures developed in this research can have
good application possibility for strengthening of civil engineering
structures such as concrete elements and masonry walls to resist
impact, explosion and seismic loading due to their ductile beha-
viour and higher energy absorption capability as well as due to
possibility to design these structures with the developed modelling
techniques.
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